Introduction
The recently cloned mouse obesity (oh) gene appears to encode an adipose tissue-derived signaling factor for body weight homeostasis (Zhang et al., 1994 (Maffei et al., 1995; Considineet al., 1995; Lonnqvist et al., 1995; Hamilton et al., 1995) . These data suggest that resistance to normal or elevated levels of leptin may be more important than inadequate leptin production in human obesity. We have therefore begun a characterization of the mechanism of leptin signal reception. As a first step toward this goal,
we have identified and cloned a high affinity receptor for the leptin molecule.
Results

Localization of Leptin-Binding Sites
To search for the leptin receptor, we generated both puri- Figure 3 is a novel single membrane-spanning receptor that we have named 06-R. The OB-R sequence begins with a methionine in a DNA sequence context, consistent with a translation initiation site, followed by a typical hydrophobic signal sequence for peptide secretion. The predicted mature extracellular domain is 816 amino acids long. The extracellular domain of OB-R shows many features of the class I cytokine receptor family (reviewed by Heldin, 1995) and is most closely related to the gp130 signal-transducing component of the interleukin6 (IL-6) receptor (Taga et al., 1989) , the granulocyte colonystimulating factor (G-CSF) receptor (Fukunaga et al., 1990a; Larsen et al., 1990 ) and the leukemia inhibitory factor (LIF) receptor (Gearing et al., 1991) . An alignment between the extracellular domains of OB-R and gp130 is shown in Figure 4 . Although the overall amino acid sequence identity between these two molecules is low (24%) the characteristically conserved cysteine residues, the Trp-Ser-X-Trp-Ser motif, and conservation of other residues within this group of proteins are clearly evident (reviewed by Kishimoto et al., 1994) . The extracellular domain is followed by a predicted transmembrane domain (23 amino acids) and a short cytoplasmic domain (34 amino acids). Amino acids 5-24 of the OB-R cytoplasmic domain show 47% identity to membrane proximal sequences of the intracellular domain of the LIF receptor and contain a box 1 JAK interaction sequence (Narazaki et al., 1994) .
Although a short cytoplasmic domain is characteristic of several class I cytokine receptor polypeptides (reviewed by Kishimoto et al., 1994) , the three receptors to which OB-R shows the strongest homology all have long cytoplasmic domains important in intracellular signaling. This opened the possibility that the OB-R clone we had isolated was chimeric or encoded a rare aberrantly spliced form not representing the major form expressed within the choroid plexus. We therefore selected eight clones that were independently identified in our library screen and amplified each of these (in subpools of 150 clones each) by polymerase chain reaction (PCR) with primers made to sequences 3'of the stop codon and verified that all eight clones contained these same 3'untranslated sequences. In addition, the C-terminus of five independently isolated clones was sequenced, and all were shown to have the same stop codon. Finally, reverse transcription-PCR (RT-PCR) with total RNA from choroid plexus isolated from a different mouse strain (C57BLIKsJ) than that from which the cDNA library was derived, generated an identical PCR product containing a stop codon in the same location. These data indicated that the isolated clone is neither a chimera nor a rare aberrant splice event, but rather is likely to be the predominant form of this receptor in the choroid plexus.
Binding Characteristics of 08-R A quantitative analysis of the binding of the AP fusion proteins is shown in Figure 5 . After transient transfection of the 06-R clone into COS cells, strong binding of 1 nM murine AP-06 is detected (relative to mock-transfected COS cells or OB-R-transfected COS cells incubated with unfused AP) ( Figure 5A ). This binding is nearly completely inhibited by 100 nM untagged recombinant mouse or human leptin protein, demonstrating that this receptor can bind native leptin. A fusion between AP and human leptin also binds mouse OB-R with high affinity, as does a fusion protein with mouse leptin at the N-terminus and AP at the C-terminus (OB-AP). Scatchard analysis of the binding of mouse AP-OB ( Figure 58 ) produced a value for the dissociation constant (KD) of 0.7 x 1 Omg M. Similar specific high affinity binding was observed with [1251] leptin (data not shown).
Expression
Profile of OB-R mRNA As a first step in understanding the tissue distribution of OB-R, we examined the expression of its mRNA in various tissues. Figure 6A shows a poly(A)+ mRNA Northern blot analysis of several mouse tissues. In most tissues, the OB-R mRNA appears as a single band slightly larger than 5 kb, suggesting that our 5.1 kb cloned cDNA is near full length. Of the tissues present on this blot, the highest levels of expression are seen in lung and kidney. Lower levels of expression are seen in several other tissues, including total brain. No expression was detected in testes. RT-PCR amplification of the OB-R mRNA from total RNA confirmed the presence of this transcript in choroid plexus and also demonstrated its presence in hypothalamus (Figure 6B ).
Genetic Mapping of the Gene Encoding O&R (Obr) Primers were designed from the coding sequence of the OB-R cDNA. These primers amplified a 192 bp fragment from C57BU6J genomic DNA and a 195 bp fragment from the wild-derived Mus spretus strain SPRET/Ei (data not shown). The genetic segregation of the M. spretus Obr allele was followed in 183 backcross progeny of the cross (C57BL16J x M. spretus)Fl females x C57BU6J males by both single strand conformation polymorphism gel electrophoresis and nondenaturing gel electrophoresisfor size determination. The segregation pattern of the M. spretus allele was compared with the segregation pattern of 226 other genetic loci that have been mapped in this backcross panel. By minimizing the number of multiple crossovers between Obr and other markers, it was determined that Obr maps to murine chromosome 4, approximately 2.2 + 1.1 CM distal to the marker D4Mit9 and 4.6 + 1.6 CM proximal of the marker D4Mit46.
The genetic map position of Obr was further refined by mapping additional genetic markers. Obr maps 0.6 f 0.6 CM distal from D4Mit255 and 0.6 + 0.6 CM proximal to D4Mif755 ( Figure 7 ). The db mutation originally arose on the C57BUKsJ inbred mouse strain and was mapped to mouse chromosome 4 (Hummel et al., 1966) . The db mutation has subsequently been transferred to other genetic backgrounds to form congenic strains. By typing animals of the congenic strain C57BL/6J-m db for multiple anonymous DNA markers (Dietrich et al., 1994; Copeland et al., 1993) it was possible to define the genetic interval within which the db Cloning of a Human OB-R Homolog To identify a human 06-R homolog and address the extent of sequence conservation, we isolated and sequenced a cDNA clone hybridizing to OB-R from a human infant total brain library. The amino acid sequences from mouse and human were highly homologous throughout the length of Tissues were isolated from db/db mice(C57BUKsJ background)or(+/+) littermatecontrolsasindicated. First-strand cDNA, prepared using random hexamers, was PCR ampllfied using primers derived from sequences encoding the OB-R extracellular domain or glyceraldehyde 3-phosphate dehydrogenase (GBPDH) control primers. No bands were detected from the amplification of mock reverse-transcribed total RNA controls run in parallel (data not shown).
mouse 06-R (Figure 8 ). in fact, the deduced amino acid sequence identity between our mouse and human clones (78%) is the same or greater than that seen when comparing the mouse and human forms of gp130 (Saito et al., 1992 ) the LIF receptor (Gough et al., 1988 ) and the G-CSF receptor (Fukunaga et al., 1990b) . Interestingly, the human cDNA encodes a protein with a much longer intracellular domain than mouse 06-R. Although the mouse and human intracellular domains are highly conserved up to the final five residues of mouse OB-R, the human intracellular domain continues to a length similar to that of gp130. The nucleotide sequences of the mouse and human clones are also very similar throughout the coding region of mouse 06-R, but then diverge completely near the mouse 06-R stop codon, suggestive of an alternative splice.
Discussion
The cloning of the ob gene and the recent initial characterization of its gene product (08 protein or leptin) have dramatically illustrated the importance of this protein in the regulation of energy balance. Leptin is an adipose tissuederived circulating hormone that, when absent, results in profound obesity (ob/ob mice) and, when exogenously supplied, can reduce food intake and body weight in a variety of rodent models (Zhang et al., 1994; Campfield etal., 1995; Pelleymounteret al., 1995; Halaaset al., 1995; Stephens et al., 1995) . Several theories have been proposed in which a circulating leptin protein exerts its profound effects on appetite and body weight via direct binding to receptors in the central nervous system. Evidence in support of this model includes the observations that leptin injected directly into the brain ventricles reduced appetite and body weight (Campfield et al., 1995; Stephens et al., 1995) and that lesions of the hypothalamus can result in an obesity resembling the ob phenotype (Debons et al., 1977) . The mechanism by which leptin enters the central nervous system has not been addressed.
We have identified and cloned a leptin-binding receptor, OB-R, that is expressed in the mouse choroid plexus. OB-R resembles aclass I cytokine receptor, and its mRNA expression pattern suggests it may be expressed through various tissues, including the hypothalamus. We have genetically mapped the gene encoding OB-R to the 5 CM interval that contains the db locus. db/db mice have a phenotype nearly identical to ob/ob mice (Coleman, 1978) and have recently been shown to be resistant to recombinant leptin (Campfield et al., 1995; Pelleymounter et al., 1995; Halaas et al., 1995; Stephens et al., 1995) . This, as well as earlier parabiosis experiments (Coleman, 1973) , has lead to speculation that db encodes the receptor for leptin. However, the available data do not distinguish among the db gene encoding a receptor-binding chain, a signaling chain, or an intracellular component of the leptin signaling pathway. Whether or not the receptor we have cloned is encoded by the db gene has not been resolved. The map location of Obr within the db minimum interval (encompassing only l/300 of the mouse genome), offers the possibility that OB-R is encoded by the db locus. However, we have found that both [1251] leptin and the AP-OB fusion protein bind nearly as well to the choroid plexus of db/db mice (original allele) as to wild-type mice (data not shown). Consistent with this, we have not identified a mutation within the coding sequence of the mRNA species expressed in the choroid plexus of these mice. Therefore, if the db gene encodes OB-R, it is likely that the mutation in this allele will be found in a different splice variant of mouse OB-R, such as a splice form similar to the human brain OB-R homolog we have identified.
Another possibility is that OB-R is not encoded by the db gene and serves a different function than primary signaling. Within the choroid plexus, there are multiple possibilities for how OB-R might function. One is that it serves a transport function, moving leptin from the peripheral circulation into the central nervous system. The choroid plexus is known to be largely responsible for the generation of the cerebrospinal fluid and is one of the barriers between the blood and the cerebrospinal fluid (reviewed by Spector and Johanson, 1989) . Another possibility is that 06-R serves a clearance function, as has been postulated for the high levels of insulin receptor expressed in the choroid plexus (reviewed by Schwartz et al., 1992) . A third possibility is that binding of leptin to choroid plexus membranes leads to the activation of afferent neural inputs to the network that regulates feeding behavior and energy balance.
Whether the OB-R polypeptide itself is capable of initiating intracellular signal transduction requires further investigation. The sequence of the OB-R protein predicts that it is a large single membrane-spanning receptor of the class I cytokine receptor family(reviewed by Heldin, 1995) . If OB-R does participate in signaling complexes, its short intracellular domain suggests that it likely interacts with other signaling polypeptide chains. This mechanism has been established for several class I cytokines receptors with short intracellular domains (reviewed by Kishimoto et al., 1994) . Another possibility is that, in some tissues, alternatively spliced forms of mouse OB-R exist with longer intracellular domains. Support for this hypothesis comes from our identification of a human OB-R homolog with a long intracellular domain. Furthermore, the class I cytokine receptors to which OB-R is most closely related are the gp130 signal-transducing component of the IL-6 receptor (Taga et al., 1989) , the G-CSF receptor (Fukunaga et al., 1990a; Larsen et al., 1990) , and the LIF receptor (Gearing et al., 1991) , all of which have long intracellular signaling domains.
The tissue sites at which leptin initiates receptormediated signal transduction remain to be established. However, there is a large body of evidence supporting a role of the hypothalamus in energy balance (reviewed by Bray and York, 1979) , suggesting that leptin binding to this site may be of pivotal importance. We have demonstrated the presence of OB-R RNA not only in the choroid plexus, but also in other tissues including hypothalamus. This raises the possibility that OB-R (or a splice variant) may participate directly in signal transduction within the hypothalamus. Further studies will be required to test this hypothesis and to address the importance of leptin binding to other sites in the brain and peripheral tissues.
The cloning of a leptin receptor may have quite important implications for our understanding and treatment of body weight dysregulation. The recent observations that obese humans and obese mice (other than ob/ob) have high levels of leptin or leptin mRNA, relative to lean controls, suggest that the majority of obesity is likely to be a consequence of leptin resistance, rather than inadequate amounts of leptin itself (Maffei et al., 1995; Considine et al., 1995; Lonnqvist et al., 1995; Hamilton et al., 1995) . The cloning of 08-R will allow for an examination of potential mutations within this molecule in obese humans and may further our understanding of the mechanisms of leptin resistance in human obesity.
Experimental Procedures
Reagents
The recombinant murine leptin used in this study has been described previously (Campfield et al., 1995) . The recombinant human leptin was purified from baculovirus supernatants with a monoclonal antibody column against human leptin and was judged by Coomassie blue stainmg to be greater than 95% pure. The [1251]leptin was prepared by the lodogen method as described by the manufacturer (Pierce).
Construction and Expression of AP Fusion Proteins
To produce the mouse and human OB-AP and AP-OB fusion constructs, cDNA sequences were amplified by PCR. For mouse and human OB-AP, sequences encoding the entire ob open reading frame and a small amount of 5' untranslated sequence were amplified from the corresponding cDNAs. Restriction sites at the end of the amplification primers were cut with Hindlll and BamHl (mouse) and inserted Into the Hindlll-Bglll polylinker site of APtag-2 (Cheng et al., 1995) or with BamHl and Bglll (human) and inserted into the Bglll site of APtag-2. For mouse and human AP-OB fusion constructs, an AP fusion vector expressing an AP molecule with its own signal peptide was first generated (APtag-3) by replacing sequences between the Hindlll and Xhol sites of APtag2 with PCR-amplified sequences of secreted placental AP. A Bglll site was placed so that fusions introduced into this site would be in-frame with the AP protein. The sequences encoding the predicted mature forms of mouse and human leptin were then PCR amplified from the corresponding cDNAs. Restriction sites at the end of the amplification primers were cut with BamHl and Bglll and Inserted into the Bglll site of APtag-3.
Each plasmid was transiently transfected into COS7 cells (11.25 ng per 150 mm plate). Cells were grown to confluence, and then medium conditioned for a further 3 days was centrifuged, 0.45 pm filtered, and stored at 4°C with 20 mM HEPES (pH 7.0) and 0.05% sodium azide. Conditioned medium was tested and quantitated for AP activity in a 96-well plate reader as described previously (Flanagan and Leder, 1990) except that homoarginine was omitted from all assays.
AP In Situ of Murine Choroid Plexus Quartered mouse brains or isolated choroid plexi were Incubated in tissue culture supernatants containing AP-OB fusion, OB-AP fusion, or various control supernatants for 75 min with gentle rotation at room temperature.
Tissues were then treated as described previously (Cheng and Flanagan, 1994) .
Expression
Library Construction and Screening Choroid plexi from 300 mice were isolated and frozen on dry ice. Total RNA was isolated from mouse choroid plexus using the guanidinium isothiocyanate-CsCI method of Chirgwin et al. (1979) . After quantitation, the RNA was diluted to 1 mglml in water and incubated for 30 mm at 37% with an equal volume of DNase solution (20 mM MgCI,, 2 mM DTT. 0.1 U of DNase, 0.6 U of RNase inhibitor in Tris-EDTA) to remove contaminating DNA. The RNA was extracted with phenolchloroform-isoamyl alcohol and ethanol precipitated. After quantita- mobr, mouse OB-R; hobr, human homolog. tion at 260 nm, an aliquot was electrophoresed to check the integrity. Poly(A)' RNA was isolated using an Oligotex-dT kit from Qiagen as described bythe manufacturer.
Afterquantitation, the mRNAwasethanol precipitated and resuspended at 1 mglml in DEPC-treated water. cDNA was synthesized according to the method of Gubler and Hoffman (1963) 
